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Cryptic temporal changes in stock composition explain the 
decline of a flounder (Platichthys spp.) assemblage
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of	 global	 biodiversity	 in	 the	 age	 of	 rapid	 environmental	 changes	
(Bickford	 et	 al.,	 2007;	Dirzo	 et	 al.,	 2014).	 Biodiversity	 assessment	
at	the	level	of	morphospecies	(species	that	can	be	distinguished	by	












representativeness	 and	 complementarity	 (Cook,	 Page,	 &	 Hughes,	
2008).	Cryptic	species	complexes	that	consist	of	rare	or	threatened	
taxa	are	especially	vulnerable,	 as	each	 taxon	can	be	even	 rarer	or	













defined	 as	 genetically	 homogeneous	 and	 demographically	 inde‐
pendent	 populations	 which	 were	 often	 unrealistically	 assumed	
to	have	clear	and	temporally	stable	geographic	boundaries	(Begg,	
Friedland,	&	Pearce,	1999).	The	past	three	decades	of	fishery	re‐
search	 demonstrate	 that	 this	 is	 seldom	 the	 case:	 single‐species	
fisheries	may	exploit	multiple,	 demographically	 independent	but	
morphologically	indistinguishable	stocks	that	at	times	co‐occur	in	
the	 same	 geographic	 location	 (Bonanomi	 et	 al.,	 2015;	Campana,	
Chouinard,	Hanson,	&	Fréchet,	1999;	Jónsdóttir,	Marteinsdottir,	&	
Campana,	2007;	Lindegren,	Waldo,	Nilsson,	Svedäng,	&	Persson,	
2013;	Schuchert,	Arkhipkin,	&	Koenig,	2010).	A	 failure	 to	 recog‐
nize	 this	 unobserved	 diversity	 can	 lead	 to	 overestimated	 maxi‐
mum	sustainable	yields,	and	therefore	to	overharvest	of	the	more	
vulnerable	stock	components	(Hutchinson,	2008;	Sterner,	2007).	
Examples	 of	 mixed‐stock	 fisheries	 include	 the	 cod	 fisheries	 in	
the	Gulf	of	St.	Lawrence	(Ruzzante,	Taggart,	Lang,	&	Cook,	2000)	







be	overlooked	by	 fishery	managers	 and	 fishermen	 (Reiss,	Hoarau,	
Dickey‐Collas,	&	Wolff,	2009).	Furthermore,	cryptic	species	or	un‐
recognized	 populations	 of	 the	 same	 species	within	 a	mixed‐stock	
fishery	may	 respond	differently	 to	 fishing	pressure	 and	 to	natural	
and	 anthropogenic	 environmental	 change,	 leading	 to	 undetected	
spatiotemporal	 shifts	 in	 their	 relative	 contribution	 to	 local	 stocks	
(Bonanomi	et	al.,	2015).	Such	processes	may	lead	to	dramatic	fishery	
collapse,	as	demonstrated	in	a	recent	study	on	the	West	Greenland	









West	Greenland	offshore	population	 (due	 to	overfishing),	 and	 the	
subsequent	decline	of	Iceland	offshore	cod	due	to	a	period	of	unfa‐
vorable	(colder)	SST.





Spatiotemporal	 tracking	 of	 the	 contribution	 of	 different	 genetic	
populations	to	mixed‐stock	fisheries	(Bonanomi	et	al.,	2015;	Dahle,	
Johansen,	Westgaard,	Aglen,	&	Glover,	2018;	Ruzzante	et	al.,	2000)	





Flounders	 (Platichthys	 spp.)	 in	 the	Baltic	 Sea	 show	 two	distinct	



















European	 (P. flesus)	 and	 Baltic	 (P. solemdali)	 flounders	 are	 consid‐
ered	 parapatric,	 with	 both	 species	 co‐occurring	 in	 some	 areas	




where P. flesus and P. solemdali	 co‐occur	 in	 similar	 proportions	
(Momigliano	et	al.,	2017b).
The	two	flounder	species	are	fished	throughout	the	Baltic	Sea,	
where	 they	 are	 caught	 both	 as	 by‐catch	 in	 the	 cod	 fishery	 and	
directly	 targeted	 using	 gillnets.	 In	 2014,	 the	 International	 Council	
for	 the	 Exploration	 of	 the	 Sea	 (ICES)	 convened	 the	 Benchmark	






der	 fishery	 in	 the	Northern	Baltic	 Proper	 and	 the	Gulf	 of	 Finland	
(SD	27	and	SDs	29–32)	 is	considered	a	single	stock	of	P. solemdali 






in	 SD	 27	 and	 29–32	 averaged	 at	 approximately	 200	 tonnes	 per	
year	 (t/y),	but	 in	the	first	few	years	for	which	yearly	estimates	are	
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has	been	likely	overlooked	because	P. flesus and P. solemdali can only 






either	 larval	 subsidies	or	adult	 spillover	 from	spawning	grounds	 in	
the	central	Baltic	Sea—as	is	the	case	for	cods	in	the	Gulfs	of	Finland	
and	Riga	 (Aro,	1989;	Casini	et	al.,	2012).	This	discovery	 raises	 the	
question	 of	 what	 the	 historical	 contribution	 of	 immigration	 from	
southern	spawning	grounds	to	 local	 flounder	stocks	 in	the	AS	and	
GoF	was,	and	whether	changes	in	immigration	of	P. flesus	from	more	
productive	 areas	 in	 the	 central	 Baltic	 Sea	may	 be	 related	 to	 local	
declines	in	the	GoF	(Jokinen	et	al.,	2015;	Jokinen,	Wennhage,	Ollus,	
Aro,	&	Norkko,	2016).
In	 the	 northernmost	 spawning	 ground	 for	 P. flesus,	 the	 Eastern	
Gotland	 Basin	 (EGB),	 the	 reproductive	 volume	 (RV,	 i.e.,	 the	 volume	
of	water	where	[O2]	and	salinity	are	suitable	for	spawning)	fluctuates	
through	 time	 based	 on	 changes	 in	 salinity	 and	 oxygen	 content	 fol‐
lowing	 major	 saltwater	 influxes	 and	 stagnation	 periods	 (Hinrichsen	
et	al.,	2017;	Nissling	et	al.,	2002;	Ustups,	Müller‐Karulis,	Bergstrom,	
Makarchouk,	 &	 Sics,	 2013).	 At	 the	 same	 time,	 eutrophication	 and	


























Specifically,	 we	 wanted	 to	 know	 how	 the	 relative	 proportions	 of	
P. flesus and P. solemdali	have	changed	over	time	in	the	study	region,	
and	how	these	changes	relate	to	RV	in	the	EGB.	To	this	end,	we	re‐
constructed	the	relative	proportion	of	P. flesus and P. solemdali over 
the	past	 four	decades	 in	two	 locations,	one	 likely	to	receive	 larval	










Square Year of sampling Cohort N genotyped
49 1976 1970 36
49 1976 1971 30
49 1983 1977 24
49 1983 1978 22
49 1992 1986 22
49 1992 1987 22
49 2002 1997 24
49 2003 1997 6
49 2002 1998 24
49 2003 1998 9
54 1983 1973 4
54 1983 1974 17
54 1983 1975 25
54 1983 1977 11
54 1983 1978 14
54 1983 1979 22
53 1992 1986 16
53 1992 1987 19
54 2003 1997 23
54 2003 1998 24
54 2011 2006 25
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with	environmental	conditions	favorable	to	pelagic	spawning	in	the	
























In	 1999–2011,	 the	 sampling	 scheme	was	 changed	 by	 an	 inter‐









Whole	 sagittal	 otoliths	 were	 used	 for	 age	 determination.	 All	
otoliths	were	read	only	by	one	person	1975–2004	for	subdivisions	
29–30	 (see	 Figure	1	 for	 a	map	of	 ICES	 subdivisions	 in	 the	Baltic	
Sea)	 and	 throughout	 the	 whole	 sampling	 period	 for	 subdivision	
32,	to	minimize	age	reading	error.	Having	both	sampling	date	and	






Two	 areas,	 representing	 the	 Åland	 Sea	 (the	 western	 Åland	
Archipelago;	Finnish	National	Square	49)	and	the	Gulf	of	Finland	(the	
Helsinki	 area;	 Finnish	National	 Squares	 54/53),	 were	 selected	 for	























Information,	 http://marine.copernicus.eu/)	 suggest	 this	 pattern	 is	
consistent	through	time	(see	examples	in	Figure	1b	and	Supporting	










points	were	 chosen	 to	 ensure	 sampling	occurred	 as	much	 as	 pos‐
sible	at	regular	intervals	within	the	past	four	decades,	(a)	 including	










point.	From	each	study	area,	we	sampled	24	 individuals	 from	 two	
distinct	cohorts	(either	4‐	and	5‐	or	5‐	and	6‐year‐old	fish),	with	the	
exception	of	 year	1983	 in	 square	54	 from	which	we	 sampled	 five	
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the	 two	species	 (Momigliano	et	al.,	2017b)	and	able	 to	unambigu‐
ously	assign	unknown	individuals	to	the	correct	species	(Momigliano	
et	 al.,	 2018)	 were	 genotyped	 using	 a	 SNaPshot™	 Multiplex	 Kit	
(Thermo	Fisher).	All	loci	were	amplified	in	a	single,	multiplexed	PCR	
using	the	primers	developed	by	Momigliano	et	al.	 (2018)	targeting	

















one	 immediately	provides	also	 the	probability	 that	 the	sample	has	
been	drawn	from	the	other,	because	p (P. solemdali)	=	1	–	p	(P. flesus).
Briefly,	 we	 determined	 the	 allelic	 and	 genotypic	 frequencies	










This	posterior	probability	was	 then	used	as	 the	prior	 for	 the	next	











To	 test	 whether	 environmental	 conditions	 in	 the	 EGB	 could	 ex‐
plain	the	observed	temporal	change	 in	the	proportion	of	the	two	
species	 in	GoF	and	AS,	we	 looked	for	a	relationship	between	the	
relative	 abundance	 of	 P. flesus	 in	 the	 study	 areas	 and	 the	 RV	 in	
the	EGB	for	 the	year	 in	which	 the	 fish	of	each	cohort	were	born	
(“birth	year”).	The	RV	describes	the	spawning	and	early	life	condi‐
tions	of	pelagic	 flounders,	 and	 is	defined	as	 the	volume	of	water	
where	salinity	and	oxygen	conditions	are	suitable	for	spawning	and	
for	 the	 survival	 of	 eggs	 and	 larvae	 (i.e.,	 10.7–12	psu	 and	 [O2]	 of	
>1	ml/L).	Estimates	of	RV	calculated	at	bimonthly	intervals	for	the	
period	 1970–2005	were	 obtained	 from	 Figure	 2	 in	 Ustups	 et	 al.	
(2013),	 for	 each	 year	 in	which	 sampled	 fish	were	born.	 The	 time	




However,	 environmental	 conditions	 in	 earlier	 months,	 when	 ag‐
gregation	at	spawning	sites	may	start,	could	also	be	important:	for	
example,	 hypoxic	 conditions	 could	 disturb	 aggregations	 of	 adult	
fish	 at	 spawning	 sites.	We	 therefore	 looked	 for	 a	 linear	 relation‐





measured	with	 error).	 The	 same	data	were	 also	 analyzed	using	 a	
logistic	 regression	to	determine	whether	 there	 is	a	 “threshold”	 in	
RV	after	which	most	of	the	individuals	are	likely	to	be	P. flesus.	 In	
this	 analysis,	 each	 individual	 was	 treated	 as	 an	 observation	 (i.e.,	
it	 can	 be	 either	P. solemdali or P. flesus):	 the	 probability	 of	 an	 in‐
dividual	 being	 P. flesus	 was	 the	 dependent	 variable,	 while	 RV	 in	
the	EGB	was	 the	explanatory	variable.	Analyses	were	performed	
separately	for	the	two	sampling	locations.	P‐values	were	adjusted	
for	 multiple	 comparisons	 using	 the	 Holm–Bonferroni	 correction.	
All	 statistical	 analyses	 were	 performed	 using	 the	 R	 computing	 
environment	(R	Core	Team,	2017).
3  | RESULTS
A	 total	 of	 444	 individuals	 were	 successfully	 genotyped,	 out	 of	
which	433	were	 identified	 to	 species	 level	with	more	 than	99%	





porary	 samples	 than	 at	 the	 start	 of	 the	 time	 series	 (Figure	 2a).	
In	the	GoF,	P. flesus	dominated	the	flounder	assemblage	 (87%	of	
total)	in	1983,	had	disappeared	entirely	in	1993,	and	showed	low	
proportions	 (10%–11%)	 in	2003	and	2011	(Figure	2a).	 In	the	AS,	
P. solemdali	was	dominant	throughout	the	sampling	period	(>70%	
of	 total;	Figure	2).	 In	1976,	P. flesus	 contributed	a	 larger	propor‐
tion	 (30%	of	 total)	 to	 the	 local	 assemblage,	 but	 this	was	 largely	
due	to	a	single	cohort	(40%	of	fish	born	in	1971	were	P. flesus	vs.	
only	18%	of	fish	born	in	1970),	and	already	in	1983,	the	propor‐
tion	 of	 P. flesus	 had	 dramatically	 declined	 and	 showed	 similarly	
low	occurrence	(2%	of	total)	in	all	remaining	sampling	time	points	
(Figure	2a).
There	 was	 a	 positive	 relationship	 between	 the	 pro‐
portion	 of	 P. flesus	 in	 the	 GoF	 and	 the	 RV	 in	 the	 EGB	 in	









tween	 EGB	 reproductive	 volume	 and	 the	 proportion	 of	 P. flesus 
in	 the	AS	 (Figure	2b,c,	Supporting	 information	Figure	S1).	When	
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4  | DISCUSSION





times,	 either	 species	 can	dominate	 local	 assemblages.	There	was	a	
major	temporal	shift	in	the	relative	proportion	of	P. flesus and P. solem‐
dali	 in	 the	GoF	 that	was	 correlated	with	 changes	 in	 environmental	
conditions	in	the	EGB	(Nissling	et	al.,	2002;	Ustups	et	al.,	2013).	In	the	



























dali	 dominance	 in	 the	 GoF.	 The	 observed	 change	 in	 the	 relative	
contribution	of	the	two	flounder	species	could	also	be	explained	by	





ders	 in	 the	 EGB	 is	 correlated	 with	 both	 spawning	 stock	 biomass	
(SSB)	and	RV	(Ustups	et	al.,	2013).	The	authors	found	no	correlation	
between	larval	supply	and	recruitment	 in	the	EGB,	suggesting	that	
recruitment	was	 regulated	at	 the	post‐settlement	 stage	 (Ustups	et	


































(Hinrichsen	 et	 al.,	 2017;	 Orio	 et	 al.,	 2017;	 Ustups	 et	 al.,	 2013).	
Therefore,	 we	 were	 unable	 to	 explore	 the	 possible	 relationship	







F I G U R E  3  The	proportion	of	P. flesus	in	the	GoF	(SD	32)	and	the	
total	commercial	landing	(ICES,	2017)	as	a	function	of	time
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in	cod	biomass	 in	 the	Gulf	of	Riga	 (GoR)	 (Casini	et	al.,	2012).	As	
the	GoF	for	the	P. flesus,	 the	GoR	 is	a	“true	sink”	habitat	for	cod	
as	 there	 are	 no	 suitable	 spawning	 grounds.	 Cod	 biomass	 in	 the	
GoR	 increased	 in	 the	 decade	1977–1987	 as	 a	 result	 of	 a	 combi‐
nation	of	larval	supply	from	the	Baltic	proper	as	well	as	by	active	
migration	 of	 juveniles	 and	 adults,	 but	 as	 soon	 as	 environmental	
conditions	 in	 the	 Baltic	 Proper	 became	 unfavorable,	 cod	 almost	
entirely	disappeared	from	the	GoR	(Casini	et	al.,	2012).	A	similar	
pattern	was	also	seen	 in	the	GoF	cod	(e.g.,	Aro,	1989).	Cod	eggs	
require	 higher	 salinity	 than	 P. flesus’ eggs	 (>13	 vs.	 >10	 psu),	 yet	

















Finnish	 coast	 has	 declined	 dramatically	 (75%–95%	 drop	 in	 abun‐
dance)	 since	 1975.	 The	 first	 decline	 (60%)	 occurred	 in	 the	 period	
1975–1997,	 coinciding	with	 the	 temporal	 shift	 in	 dominance	 from	
P. flesus	 to	P. solemdali	observed	 in	 this	 study.	The	subsequent	de‐
cline,	 which	 largely	 happened	 in	 the	 early	 2000s,	 likely	 reflects	
the	decline	of	P. solemdali,	which	 reproduce	 locally	 and	 are	 better	
adapted	 to	 the	 low	 salinity	 conditions	 of	 the	GoF	 (Nissling	 et	 al.,	
2002).	 Jokinen	et	 al.	 (2016)	 found	a	negative	correlation	between	
vegetation	 cover	 in	 shallow	 nurseries	 and	 juvenile	 flatfish	 occur‐







the	West	Greenland	 cod	 fishery	 (Bonanomi	 et	 al.,	 2015).	 It	 is	 not	





ture	of	P. flesus and P. solemdali in	the	GoF.
5  | CONCLUSION























also	 concerns	 over	 possible	 local	 extinctions	 of	 P. flesus	 within	 the	
Baltic	Sea	(Momigliano,	et	al.,	2017b).	Altogether,	our	results	call	for	
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